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The observed neutrino flavor transitions are currently explained by the
three flavor neutrino oscillation phenomenon, considered to be the leading
order mechanism behind the flavor transitions. Currently existing data
from LSND, MiniBooNE and reactor experiments demonstrate anomalies
that could potentially be indications of non-standard neutrino phenomena.
MINOS can probe transitions from muon neutrinos to electron neutrinos
and search for anomalous behavior that cannot be explained by standard
model neutrino oscillations. Here we present the search for second order
effects in the flavor transitions by analyzing the MINOS νµ → νe channel.
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1 Introduction
One of the motivations for exploring the sterile neutrino oscillations in the νµ → νe
appearance channel is the existing tension between the short (SBL) and long (LBL)
baseline neutrino experiments. For example, the Liquid Scintillator Neutrino Detector
(LSND) and MiniBooNE experiments report anomalous excess of νe appearance in a
νµ beam over a short baseline, which cannot be explained by standard three flavor
oscillations [1, 2].
Figure 1: LSND and MiniBooNe allowed regions for the sterile mixing angle and mass
splitting. Shows tension with the OPERA and ICARUS long baseline experiments.
One of the explanations is an existence of one or more sterile neutrino states
that are not interacting via the weak interaction. Adding a new neutrino type to 3ν
model introduces another mass splitting and three mixing angles to parameter space.
Figure 1 shows the allowed regions for the additional mass splitting and θµe mixing
angle. MINOS+ νe appearance analysis uses (3+1)ν model to investigate the sterile
oscillation hypothesis in the parameter space allowed by LSND and MiniBooNE.
2 MINOS Experiment
The Main Injector Neutrino Oscillation Search (MINOS) experiment [3] is a long-
baseline neutrino oscillation experiment utilizing the Neutrinos at the Main Injector
(NuMI) neutrino beam. The experiment consists of two functionally identical track-
ing calorimeters, primarily optimized to detect µ+/µ−, separated by 735 km distance.
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The main goals of the experiment are to make precise measurements of the neutrino
oscillation parameters to other active neutrino flavors, explore the possibility of ster-
ile oscillations as well as to study exotic scenarios such as non-standard neutrino
interactions. Near Detector (ND) is located at Fermilab ∼ 1 km away from NuMI
target, is measuring the neutrino flux, cross section, energy spectrum and the fla-
vor composition of the beam. Far Detector (FD) is located at Soudan Underground
Laboratory at Northern Minnesota, ∼ 735 km away from NuMI target, measures
the same beam parameters. Functionally identical design was chosen to effectively
cancel out systematic uncertainties related to the neutrino beam flux and neutrino
interaction cross sections. Since the MINOS detectors were not optimized for νe CC
Figure 2: Simulated NuMI neutrino energy spectrum for MINOS, MINOS+ and
NOνA experiments.
events, a new statistical selection algorithm was implemented to distinguish νµ → νe
candidates from background interactions - particularly NC events. νe appearance
provides sensitivity to θ13, θ23 octant, mass hierarchy and δCP .
MINOS+ is a continuation of the MINOS experiment, operating the same detec-
tors. It will run concurrently with the NOνA experiment with an upgraded NuMI
beam. MINOS+ allows access to higher energy region to study sterile neutrino oscil-
lations as well as non-standard neutrino interactions, with beam covering wide range
of energies and peaking at 7 GeV as can be seen from Figure 2.
3 NuMI Beamline
The νµ neutrino beam is produced by colliding 120 GeV proton beam from the Main
Injector with graphite target. Mesons (pi±/K±), produced as a result of these colli-
sions, are then focused into the decay pipe by focusing magnetic horns, where they are
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Figure 3: Schematic view of NuMI production beamline
allowed to decay (Figure 3). This admixture then passes through an absorber, which
stops all charged particles from moving forward. As a result wide-band on-axis νµ
beam is produced and directed towards the MINOS detectors. By switching the mag-
netic horn polarity, one can switch from neutrino to antineutrino beam production
mode.
4 Sterile Neutrino Sensitivity in νe Appearance
The signature of νµ → νs oscillations in MINOS manifests itself as an excess of νe-CC
events in the Far Detector, depending upon the particular ∆m241 and neutrino energy
at the same time causing energy-dependent depletion in both NC and νµ-CC energy
spectra. This is demonstrated in Figure 4 for the shown parameters. Signal and
Background Monte Carlo distributions show the excess in the signal and depletion in
the background energy spectra in the presence of nonzero θ14 and θ24 mixing angles.
The sensitivity plots were generated by applying Gaussian intervals to the log-
likelihood surfaces produced for specified values of ∆m241. At each ∆m
2
41 value, a new
surface was produced by profiling the combinations of θ34, δCP , and δeff . Figure 5
shows the 90% confidence level contour for MINOS+ in the SBL parameter space.
The shaded blue region is excluded MINOS+.
The MINOS+ experiment is capable of decoupling the θ14 and θ24. In Figure 6 the
shaded regions correspond to LSND allowed regions. The blue dashed curves show the
∆m241 = 0.15eV
2 LSND region, while the red dashed lines outline the ∆m241 = 0.50eV
2
LSND region. The solid lines show the MINOS+ 90% C.L. contours for the same two
values of ∆m241. MINOS+ excludes the parameter space to the upper-right of the
solid contours. For ∆m241 = 0.15eV
2 MINOS+ can exclude most of the LSND signal
region, and although for ∆m241 = 0.50eV
2 MINOS’s sensitivity is relatively poor, it
still can exclude some portions of the LSND signal parameter space. Higher values of
∆m241(1− 102eV 2) can also be probed, but this will require incorporating oscillations
in the Near Detector when extrapolating to Far Detector.
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Figure 4: Monte Carlo Signal and Background reconstructed energy distributions.
Solid lines correspond to 3ν model predictions, while the dashed lines correspond
(3+1)ν model predictions for the given values of parameters.
Figure 5: 90% confidence level contour shows the MINOS+ allowed region in the SBL
parameter space, assuming both θ14, θ24 < 0.25pi.
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Figure 6: 90% C.L. in two-dimensional parameter space for two chosen values of ∆m241,
assuming θ14, θ24 < 0.25pi. MINOS+ excludes the parameter space to the upper-right
of the solid contours. The shaded bands represent the LSND signal region associated
with the indicated values of ∆m241.
5 Summary
In conclusion, MINOS+ is collecting new high-statistics data with medium energy
beam. This will allow new precision measurements of 3-flavor oscillation parameters
in an unexplored energy range. It opens pathway to probe sterile neutrino oscillation
search in νe appearance channel as well as explore non-standard neutrino interaction
scenarios in the 6-12 GeV region. MINOS+ νe appearance can be used to set new
constraints on low-mass sterile mixing parameters.
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